We present a simple physical explanation that measurements of the collision crosssections with pure energy resolution can provide information on the reaction dynamics equivalent to that obtained using real-time methods of femtochemistry. For nuclear collisions, the method provides a time resolution of ∼ 10 −21 sec. The method is sensitive enough to distinguish between the different scenarios of rotational dephasing for the highly-excited nuclear molecules, with strongly overlapping resonances, formed in 12 C + 24 Mg scattering. We find that the dephasing is much slower than the intramolecular energy redistribution. This reveals unusual states -nonergodic molecules in continuum. Anomalously long dephasing times observed in highly-excited polyatomic molecules may reflect this new type of nonergodicity.
and rotational molecular motion.
1 Such a coherent superposition of many simultaneously excited molecular levels is achieved using a wide-enough laser bandwidth of the pump pulse.
Unlike chemical reactions, real-time measurements of coherent dynamics of nuclear molecules 2 are not feasible. This is because of the lifetime of nuclear molecules created in nuclear reactions ∼ 10 −20 -10 −21 sec. Therefore, even attosecond (10 −18 sec) resolution is not sufficient to access nuclear molecular dynamics in real-time experiments. The crystal "blocking" technique also does not permit resolution of time scales shorter than 10 −18 -10 −19 sec. 3 The question is raised then as to whether one can develop alternative non-direct experimental methods to study ultrafast (∼ 10 −20 -10 −21 sec) coherent dynamics. One such possible method has been recently proposed in Ref. 4 .
In this paper we present a simple physical explanation that the method can provide information on the temporary evolution of the collision complex which is identical to that obtained in real-time pump/probe laser pulses experiments. The method is applied to the analysis of the rotational coherence and dephasing of highly-excited nuclear molecules with strongly overlapping resonances formed in 12 C + 24 Mg scattering. We demonstrate that the method provides up to ten babyseconds (10 −21 sec) time resolution and that the time dependence of the molecular decay intensity is strongly sensitive to (i) the scattering angle, and (ii) to the different scenarios of the molecular dephasing, in particular, to a relationship between rotational and inversion dephasing rates. The method can be used for monitoring ultrafast coherent dynamics and dephasing in chemical reactions, atom-ion and atomic cluster collisions, electron scattering from atoms, molecules and nanostructures (e.g. from quantum dots).
Consider a simple case of spinless collision partners in the entrance and exit channels. The main idea is based on the decomposition of the collision amplitude, f (E, θ) = f (E, θ) + δf (E, θ), where f (E, θ) is the energy (E) averaged amplitude, δf (E, θ) is the energy fluctuating amplitude, δf (E, θ) = 0, and θ is the scattering angle. For low energy (1-2 MeV per nucleon) heavy-ion collisions, the energy averaging interval I 5 MeV. On this energy scale, the potential scattering and/or direct reaction amplitudes change insignificantly, and can be considered energy-independent. This reflects a short time duration, /I 10 −22 sec, for direct processes.
2,4 A rapidly fluctuating δf (E, θ), with a characteristic energy variation scale 0.05-0.5 MeV, originates from the decay of molecular resonances.
2 This is at least a one order of magnitude slower process than that for potential scattering and/or direct reactions.
Consider the collision cross-section
can be considered to be energy-independent, and σ fl (E, θ) = |δf (E, θ)| 2 . Suppose that a major contribution to the cross-section comes from the direct fast processes. Then, ∆σ(E, θ)
, which means that rapid energy vari-ations of the cross-section originate mostly from interference between δf (E, θ) and the energy independent amplitude f (E, θ) . Consider the Fourier component of ∆σ(E, θ) for I → ∞ and t > 0:
where P(t, θ) is the instantaneous decay amplitude received at a detector at time t for a reaction induced by a short pulse at t = 0. 5 In Eq. (1) we have employed a causality condition,
for t < 0. This condition implies that the molecule cannot decay before it is formed at t = 0. In all other respects, Eq. (1) is model-independent. Clearly, P (t, θ) = |P(t, θ)| 2 is the instantaneous intensity of the decay. The interference between slow and fast processes in the cross-section is a precondition for monitoring the time evolution, since the fast process switches on the clock at the initial moment of time -playing the role of the pump pulse.
In reality, the cross-sections are measured over a finite energy interval I. This results in the finite time resolution ∆t = 2π /I, so that the P (t, θ) extracted is averaged over this time interval ∆t. In this case, we have
where C(ε, θ) = ∆σ(E + ε/2, θ)∆σ(E − ε/2, θ) is the cross-section energy autocorrelation function 5 obtained by averaging over the finite energy interval. In Eq. (2), we took into account that, by definition, C(ε, θ) ≡ C(−ε, θ), and we changed to the integration variables ε = E 1 − E 2 and R = (
Equations (1) and (2) demonstrate that measurements of cross-sections with high energy resolution provide, in a model-independent way, essentially the same quantity, P (t, θ), as is directly measured using real-time methods to monitor chemical reaction dynamics and temporal evolution of the angular orientation of molecules.
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In order to test a practical "resolution power" for the method we analyze rotational coherence and dephasing of the nuclear molecules formed in 12 C + 24 Mg scattering. 4 For a theoretical description of this effect we calculate P (t, θ) ∝ total spin J and S J (E) is its energy averaged component. Φ is the deflection angle due to the J-dependence of the potential phase shifts, and P J (θ) are the Legendre polynomials. We take into account that δS
Here, β is the dephasing (decoherence) width, ω is the angular velocity of the coherent rotation, and /Γ is the average lifetime of the molecule. The partial reaction probability,
, is taken in the J-window form with I being the average spin and d the Jwindow width. We consider a general case 4 for which the dephasing width β > between δS J (E) and δS J (E) with different parities (odd |J − J | values) may be greater than that, β < , with the same parities (even |J − J | values). Using the asymptotic form of P J (θ) we obtain P (t, θ) ∝ P (+) (t, θ) + P (−) (t, θ) with
odd (t, θ) and
where ∆ = 1/d. For β > = β < = β, Eq. (3) reduces to Eq. (3) from Ref. 4 describing, for t < /β, coherent rotation of the asymmetric molecule in the two opposite directions. The rotating wave packets spread with time resulting, for t > /β, in the universal limit of the random-matrix theory, 5-7 P (t, θ) ∝ exp(−Γt/ ). For β > β < , the initially asymmetric molecule, P (t < /β > , θ) = P (t < /β > , π − θ), first develops a reflection symmetry, P (t ∼ /β > , θ) P (t ∼ /β > , π − θ), creating a superposition of opposite molecular orientations. The coherent rotation, however, is not yet destroyed. The rotating wave packets spread out and disappear on the longer time scale, t > /β < /β > . The problem of distinguishing between the two different -β > = β < and β > β < -dephasing scenarios arises from the analysis of P (t, θ) and C(ε, θ) ∝ ∞ 0 dt cos(εt/ )P (t, θ) 4 for 12 C + 24 Mg scattering at θ = π. 8 The problem is demonstrated in Fig. 1 for the elastic scattering measured over the c.m. energy range 12.27-22.8 MeV. 9 The theoretical fits in −21 sec, since the experimental C(ε, π) is given over a finite energy range I = 5 MeV. While both the experimental P (t, π) and C(ε, π) clearly demonstrate nonuniversal, beyond random-matrix theory, oscillations, the fits in Fig. 1 do not conclusively distinguish between the β > = β < = 10 keV and β < = 10 keV, β > = 0.4 MeV dephasing scenarios. Yet this problem can be solved by taking advantage of the strong θ-dependence of C(ε, θ) and P (t, θ). In Fig. 2 we present C(ε, θ = 135
• ) normalized at ε = 0. The solid and dashed lines are obtained with the same sets of parameters as the solid and dashed lines in Fig. 1 . In Fig. 3 we present P (t, θ = 135
• ) calculated with the same two sets of parameters as the solid and dashed lines in Fig. 1 . The apparent sensitivity of P (t, θ = 135
• ) and C(ε, θ = 135 • ), which is the original measurable quantity, to the β > , β < -values already for ε ≤ 2 MeV indicate that, unlike the case for θ = π (Fig. 1) , measurements of the cross-section at θ = 135
• can reveal which of the two different dephasing scenarios applies. It should be noted that, for θ = π/2, C(ε, θ) and P (t, θ) do not depend on β > at all since, for odd J, P J (θ = π/2) = 0 (see Figs. 2 and 3 ). Yet experimental studies of C(ε, θ) and P (t, θ) for θ = π/2 would enable one to check their strong θ-dependence, which we are now predicting. It should be stressed that due to the high excitation energy of the strongly deformed intermediate molecule, its average level spacing D ∼ 10 −5 MeV Γ. 4 Consequently, the energy spectrum of the molecule is not resolved during its lifetime, /Γ /D. Therefore, contrary to the conventional picture, 1,10 coherent motion (quantum beats in Figs. 1-3) does not originate from the fundamental discrete nature of isolated molecular levels. Rather, it reflects a coherence between a very large number -Γ/D ∼ 10 4 of strongly overlapping many-body resonance eigenstates.
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The time for a formation of such extended (delocalized) ergodic many-body eigenstates is the time it takes the two-body interaction to redistribute the energy between the particles of the system, τ erg = /Γ spr , where Γ spr is the spreading width.
7
For highly-excited nuclear systems Γ spr 5-10 MeV. 7 Therefore, the quantum coherence in Figs. 1-3 persists over the time interval /β < ∼ 10 −19 sec -some three orders of magnitude longer than the energy redistribution time /Γ spr ∼ 10 −22 sec. This means that energy redistribution does not necessarily lead to dephasing! Even though the intra-molecular energy redistribution is completed, the reaction can still be non-statistical, due to the interference-correlation between spatially extended ergodic modes, which are independent of the initial conditions. We term such states "nonergodic molecules in continuum" so as specifically to stress that the nonergodicity essentially originates from interference between the very large number of strongly overlapping many-body molecular eigenstates. The physical picture of nonergodic molecules in continuum may also be useful in interpreting very slow dephasing in many polyatomic molecules 12 for which there is not yet a satisfactory theoretical description.
13 Quantum beats, for example, were observed in real-time experiments on the fluorescent decay of highly-excited anthracene. 10 The density of states calculated by invoking all modes in the molecule is very large, corresponding to the strong overlap of the highly-mixed 14 resonance states. It has been assumed that one cannot observe quantum beats unless the separation between energy levels is larger than, or comparable with, the width of these states. Therefore, it was anticipated 10 that the actual effective density of states contributing to the decay would be much less than the overall density due to the suppression of most of the transitions. In contrast, the analysis of highly excited nuclear molecules presented here suggests that quantum beats in the decay of anthracene can be consistent with very large, corresponding to the strongly overlapping resonances, an effective level density for this molecule. For conclusive clarification of the question as to whether the quantum beats originate from isolated or strongly overlapping resonances, one needs to measure the detailed energy dependence of the fluorescent yield with pure energy resolution (long pump pulse). Such a method has been used to study unimolecular reactions in the regime of strongly overlapping resonances for highly-excited decaying polyatomic molecules.
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In conclusion, we have demonstrated that measurements of collision crosssections with pure energy resolution can provide information on the underlying reaction dynamics equivalent to that obtained using real-time methods in femtochemistry. For nuclear collisions, the readily achievable time-resolution is ∼ 10 −21 sec. This permits the revealing of detailed information on coherent motion and dephasing in nuclear molecules. This is specifically illustrated by the analysis of the highly-excited nuclear molecules, with strongly overlapping resonances formed in 12 C + 24 Mg scattering. Dephasing is found to be much slower than intramolecular energy redistribution. This reveals new unusual states -nonergodic molecules in continuum. Experiments are being proposed to search for this novel type of nonergodicity in highly-excited many-body systems.
